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Chungc of the intcrmrl pH of isohted lysosomcs was mcesurcd with ihmsccin isothiocytlnnteae~t~dn, In buffer of pH 7.0. isolated lysosomes 
had an ucidic pH of about 5.5, which dccrcused to pH 5.2 on addition oTATP, Addition of bufilomycin inhibited the acidification by H+.ATPasc 
and resulted in un increusc of the internal pH to 5.5 due to passive difl’usion of protons across the lysosomnl membrane. However, no further 
alkolizution was obscrvcd. The acidic pH (pH 5.5) ofisolutcd lysosomcs could bc maintained for at least 48 h in the absence of ATP, but increased 
gruduttlly to pH 5,9-6.4 upon incubation with monovalent ctttions (K+ or Na’). umincs. or ionophores. Thcsc results uggest hat a non-proton 
pump factor (possibly Donn;in cquilibriutn) is involved in maintaining the acidic pH of isolated lysosomes. 
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1. INTROD!JCTION 
An acidic internal pH is an intrinsic property of lyso- 
somes, secretory granules and related organelles [l-3]. 
As an ATP-dependent proton pump (vacuolar-type H+- 
ATPase) has been found in these membranes [4,5], pro- 
ton transport by this enzyme is generally thought to be 
the sole mechanism for establishing and maintaining the 
acidic internal pH of the organelles [1,2]. However, this 
H+-ATPase may llot be the only component responsible 
for the pH homeostasis in lysosomes. because lyso- 
somes maintain an acidic pH after isolation in the ab- 
sence of ATP [4]. It has been unknown how long and 
by what mechanism this pH is maintained. 
As reported here. we found that the acidic pH of 
isolated lysosomes could be maintained in buffered su- 
crose without active influx of protons and that the acid- 
ity could be abolished by cations such as K’ or Na”. The 
mechanism of maintenance of the acidity by non-proton 
pump factor is discussed. 
Lysosomcs with cntrappcd tluorcsccin isothiocyanatc-dcxtran 
(FITC-dex) was prepared us follows: FITC-dcx 120 n@ml, I ml) was 
injcctcd intrupcritoncally into malt ddY strain mice weighing about 
.Ibb~o,irlriort,v: FITC-dcx. Ruorcsccin isothiocyanutc dcxtran; MOPS. 
mcrpholinopropnnc sulfonic acid. 
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35 g. After overnight starvation, the mice were decapitated and their 
livers wcrc isolated and suspended in0.3 M sucrose (pH 7.0) contain- 
ing 0.1% ethanol and 1 mM EDTA. Lysosomcs were then prepared 
by dilrerential ccntrifugation and suspended in the same solution [4.6]. 
Triton-filled lysosomcs (tritosomcs) were prepured as follows [4,6]: 
Triton WR-1339 (0.1 mg/ml, I ml) was injected into mice intraperi- 
toneally. Three Jays later, the livers were isolated, and homo8cnized 
in 0.3 M sucrose. 0.1% ethtmol and I ITIM EDTA (pH 7.0), and the 
lysosomc-rich fraction was prepared. The lysosomcs were purified by 
sucrose density gradient centrifugation and used on the day ofprcpa- 
rution. 
22, MPN,~itt~l~tttl~ttI 0J itirrw-l~,somttrIrl pH
The intra-lysosomal pH was monitored by measuring FITC-dcx 
(FD-70s: Sigma) fiuorcsccnce [4,6]. The lysosomal fraction (90 pg 
protein) wits incubated in 20 mM MOPS-Tris (pH 7,O) containing 0.3 
M sucrose, 0. I M KCI and 2 mM MgC&, and fluorcsccncc was meas- 
ured in u Hituchi F6000 spectrofluorometer at 25°C with excitation 
and emission wavclcnyths of 495 and 550 nm, respectively. 
For quantitative stimation of the intru-lysosomal pH, the ratio of 
FITC-dex fluorescence intcnsitics at 550 nm with excitations at 495 
nm (pl-f-sensitive fluorcsccncc) and 450 nm @H-insensitive fluores- 
ccncc) wus dctcrmined after subtracting the background fluorescence 
(mainly due to light scattering and extra-lysosomnl FITC-dcx): 
A standard curve was prepared by measuring the fluorescence of2pg 
of FITC-dcx in buffers ofdiffercnt pH values. Another standard curve 
was made by suspcndiny lysosomcs with FITC-dex cntrappcd in vivo 
in buffers ofdiffcrcnt pH values and disrupting them with 0.1% Triton 
X-100. Thcsc two standurd curves were essentially the same. 
The mcmbranc potcntkl of lysosomcs was measured Ruorometri- 
cl!fy wi!h diS-C!(S) as a fluorescent membrane potcnLittI probe [a]. 
The stundard assay solution contained 2 ml of 20 mM MOPS-Tris (pH 
7.0) containing 0.5 M sucrose. 2mM M&I, tend I PM diS-C3(5). The 
excitation and emission wavclcngth pair used wus 620 and 670 nm. 
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The lakncy of thu lysosomcs was cslimakd by measuring N-acctyl- 
fi-o-glucuronidusc or acid phosphamsc in the prcscncc or abscncc of 
Triton X.1 IO (0.05%) [7]. Proteins wcrc mcasurcd by the method or 
Bradford [8]. 
3. RESULTS AND DISCUSSION 
FIT%dex was entrapped in liver lysosomes after its 
intrapcritoneal injection into mice, and its fluorescence 
allowed continuous measurement of the pH inside iso- 
lated lysosomes [4,6]. Addition of ATP induced quench- 
ing of the fluorescence, indicating lysosomal acidifica- 
tion by H’-ATPase (Fig. IA), whereas addition of ni- 
gericin (1 AM) increased the fluorescence, indicating 
lysosomal alkalinizdtion due to H+/K+ exchange in- 
duced by the ionophore (Fig. 1B). Quantitatively. the 
internal pH of isolated lysosomes was about 5.5, de- 
creased to 5.2 with ATP. and incrcascd to about 6.3 
with nigericin. No further acidification by H’-ATPase 
was observed, possibly because of equilibrium of pas- 
sive efflux of protons and AT&driven influx of protons. 
The lysosomal H’-ATPasc may also be controlled by 
the membrane potential. as observed with other vacu- 
olar H+-ATPases [9], 
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Fig. I, Mcasurcmcnt ofimralysosomal pH and the clEct of bafilomy- 
tin. Change of lysosomal pH was monitored as that of FITC-dcx 
lluoresccncc. At the times indicated by arrows, ATP, nigcricin and 
balilomycin wcrc added at final conccnlrations ofO.5 mM. I yM, and 
0. I PM, rcspectivcly. Esscmially the Same rcsuha wcrc obtained with 
highly purified lysosomcs loaded with Trhon WRl339. 
We found that bafilomycin. a specific inhibitor of 
vacuolar H+-ATPase [IO], completely inhibited the 
ATP-dependent acidification, but had no effect on the 
pre-established acidic pH (pH 5.5) (Fig. lC, E). When 
the same antibiotic was added after addition of ATP, 
the internal pH returned to 5.5 due to passive fflux of 
protons. However, the lysosomal pH did not increase 
further to the pH observed after addition of nigericin: 
pH 5.5, with bafilomycin (Fig. 1 F). pH 6.3, with niger- 
icin (Fig. I B). These results indicated that the acidic pH 
of isolated lysosomcs (pH 5.5) was resistant o passive 
eftlux of protons and could be maintained without ac- 
tive uptake of protons by H’-ATPasc. 
Br-. SCN-, SO,‘- and PO,?- and divalent cations (Mg?‘, 
Ca”) had no effect (not shown). More rapid dissipation 
of the pre-established acidic pH could be attained with 
ammonium ion (Fig. 2A), various amines and iono- 
phores (cation/proton exchangers), which increased the 
internal pH to 6.4 (Tdbk I). These results indicated that 
most of the acidic pH could be dissipated by increasing 
cation permeability, and suggested the existence of lo- 
calizcd H’ in Donnan-type ion equilibrium which could 
be replaced by other cations. 
6.5 
The acidic pH (pH 5.5) of lysosomes in the isolation 
buffer (pH 7.0) was maintained for at least 2 days at 4OC 
even in the absence of ATP (Fig. 2A). After prolonged 
storage, significant disruption of the lysosomes oc- 
curred and so that intra-lysosomal pH could not be 
measured precisely. The presence of bafilomycin (10 
PM) and addition of hexokinase and glucose (to remove 
endogenous ATP) during the incubation did not affect 
the acidic pH at all, again indicating that this acidic pH 
was independent of H+-ATPase. 
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To determine how the acidic pH was maintained 
without active influx of protons, WC tested the effects of 
various salts on the lysosomal pH, because ion equilib- 
rium has been suggested to participate in pH homeosta- 
sis in lysosomes [2,3]. The additions of NaCl and KCI 
at 0. I M resultcs in a gradual increase in the internal pH 
to 6.0 (Fig. 2B). Monovalent cations were responsib!e 
for this alkalinization. their order of effectiveness being 
K+, Rb’ > Na’ s choline*, while anions including Cl-, 
0 24 480 24 48 
~uc-a (hr) 
Fig. 2. Strh!;iiy of acidic pli in isolated lysosomcs. Lysosomcs wcrc 
isolamd. susyxled in 20 mM MOPS-Tris (pH 7.0) containing 0.3 M 
sucrose and i mM EhrA (0) (Fig. ?A) or in the same bulk with 0.1 
M KC1 (c; jr N.:CI I,.__) (F’q. 28). and incubated in an ice bath. AI 
the indicztcd timer. riliquots i?N ~1) were lakcn and ~irc duorcsccncc 
of FITC-dcx in thb .rady-sm:c was measured. Ammonium chloride 
(IO mM) was added at the times indicated by arrows, and the pH was 
promptly dctermincd. 
19 
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Table I 
Effects of umines and ionophores on lysosotnill pH 
Illtcrnal pIi 
No addition 5.5 
NH&I (IO mM) 6.1 
Chloroquinc (0. I mM) 64 
Nigericin (2 PM) 6.3 
Nigericin (2pM) + NH,Cl (10 mM) 64 
Monensin (S ,uM) + NHCI (0.1 M) 6.2 
Gramicidin (IO PM) 5,9 
The iniernal pH o~lysoso~~~er ia the prcscnrc of the listed compounds 
was mcasurcd as described in thu lcgcnds of Fig. I and 2. 
Lysosomes are known to contain negatively charged 
molecules, possibly in membrane-impermeable forms 
[ 1 I.121 and are negatively polarized inside [2,6]. These 
negative charges could form a Donnan potential and 
maintain the acidic internal pH by preventing free diffu- 
sion of protons. It is noteworthy that the membrane 
potential was also insensitive to bafilomycin and could 
be maintained without ATP (not shown). Furthermore 
monovalent cations could depolarize the membrane po- 
tential and their order of effectiveness was the same as 
that for alkalinization listed above [6]. These properties 
were consistent with the idea of the existence of Don- 
nan-type equilibrium in lysosomes. 
From these findings, we propose the following 
scheme for the mechanism of formation and mainte- 
nance of the acidic pH in lysosomes: (i) protons are 
transported into lysosomes by H+-ATPase (primary 
supply of protons); (ii) then, negatively charged mole- 
cules in the lysosomes reach Donnan-type quilibrium 
with the protons and maintain a stable acidic pFI, This 
acidic pH could be mailttained without further proton 
transport by H’-ATPase. unless monovalent cations 
were added externally. External monovalent cations ex- 
change with protons inside the lysosomes (Fig. 2), and 
the resulting elevated pH could be decreased again to 
pH 5.3 by H+-ATPase, Bafilomycin raises the in- 
tralysosomal pH to about 6.5 in living cells [13], al- 
though it did not increase the pH in isolated lysosomes 
incubated in the absence of monovalent cations. Thus, 
the lysosomal pH in vivo may be due to the dynamic 
equilibrium between influx of protons by H”-ATPase, 
their efflux in exchange with monovalent cations in the 
cytoplasm and Donnan equilibrium. 
A~~rro~l./~~~rl(s~l)~p)l~.s: This work wus supported by grants from the Min. 
istry of Education, Science und Culture ofJupun, und u Humon Fron- 
tier Scisncc Progrunt. 
REFERENCES 
III 
PI 
PI 
PI 
VI 
PI 
171 
:“I; L 
[lOI 
[I II 
[I21 
Njus, D.. Kelly, P.M. and Hurnudek. G.J. (1986) Biochim. Bio- 
phys. Act;1 853, 237-265. 
Reeves, J.P. (19X-1) in: Lysosomcs in Biology and Puthology, vol. 
7 (Dinglc, J.T., Deun, R.T. and Sly, W. eds.) pp, 175-199. 
Reiginpoud, D.J. nnd Tuycr, J.M. (1977) Biochim. Biophys. Acta 
472. 119-449, 
Ohkuma. S.. Moriyumu. Y. und Takuno, T. (1982) Proc. Nd. 
Acud. Sci. USA 79, 2758-2762. 
Moriyumu. Y. itnd NC~SOII, N. (1989) Biochh~. Biophys. Actil 
980. 211-147. 
Moriyamu. Y. (191(R) Biochcm. Biophys. Rcs. Common. 1%. 
‘I l-216. 
Moriyomu. Y.. Tnkano. T. nnd Ohkumu. S. (1984) J.Biochcm. 
(Tokyo) 95, 995-1007, 
Bradford, M.M. (1976) Anal. Biochcm. 72. 248-254, 
Moriyumu. Y. und N&on, N. (1987) l3iochom. Biophys. Rcs. 
Commun. 149. 140-141. 
Bowman, E.J.. Sicbers, A, nnd Altendorf. K. (1988) Proc. N:ill. 
Acad. Sci. USA X5. 7971-7976. 
Goldstone, S.J,, Snnbo, E. und Konig, H. (1970) Life Sci. 9. 
667416. 
Davidson. S.J. end Song, W.S. (1975) Biochim. Biophys. Actu 
375. 174-185. 
[I31 Yoshimori, T., Yuniamoto. A., Moriyumu, Y.. Futui. M. and 
Tashiro, Y. (1991) J. Biol, Chcm. 266, 17707. 17712. 
20 
